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ABSTRACT 
The Gamma Ray Observatory (GRO) spacecraf t  needs a h i g h l y  accurate 
a t t i t u d e  knowledge t o  achieve i t s  miss ion ob jec t i ves .  
t h e  fixed-head s t a r  t racke rs  (FHSTs) f o r  observat ions and gyro- 
scopes f o r  a t t i t u d e  propagat ion,  t he  d i s c r e t e  Kalman F i l t e r  proc- 
e s s e s  the  a t t i t u d e  data t o  o b t a i n  an onboard accuracy o f  86 a rc  
seconds ( 3  sigma). 
U t i l i z i n g  
A combinat ion o f  l i n e a r  ana lys i s  and s imu la t ions  us ing  the  GRO 
Software S imula tor  (GROSS) a re  employrrf t o  i n v e s t i g a t e  the  Kalman 
fi 1 t e r  f o r  stab1 1 i t y  and the  e f fec ts  o f  corrupted observat ions 
(misalignment, no ise) ,  incomplete dynamic modeling, and non l inear  
e r r o r s  on the  Kalman f i l t e r .  I n  the  s imulat ions,  on-board a t t i -  
tude i s  compared w i t h  t r u e  a t t i t u d e ,  the  s e n s i t i v i t y  o f  a t t i t u d e  
e r r o r  t o  model e r r o r s  i s  graphed, and a s t a t i s t i c a l  ana lys i s  i s  
performed on the  res idua ls  o f  the  Kalman F i l t e r .  I n  t h i s  paper, 
the  modeling and sensor e r r o r s  t h a t  degrade the  Kalman f i l t e r  so- 
l u t i o n  beyond miss ion requirements a re  s tud ied,  and methods are  
o f fe red  t o  i d e n t i f y  the  source o f  these e r r o r s .  
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1.  GAMMA RAY OBSERVATORY 
The Gamma Ray Observatory (GRO) i s  a three-ax is  s t a b i l i z e d  spacecra f t  
scheduled t o  be launched i n  1990 by the  Space Transpor ta t ion  Sys tem 
(STS) .  The GRO science inst ruments study gamma r a y  sources between 
0.1 and 30000 megaelect ronvol ts  (MeV) be fore  they are  absorbed by the  
E a r t h ' s  atmosphere. 
po in ted ,  us ing  r e a c t i o n  wheel c o n t r o l ,  f o r  2 weeks a t  a t i m e  be fore  
maneuvering t o  the  nex t  gamma r a y  t a r g e t .  
b i t  w i l l  be 350- t o  450-ki lometer a l t i t u d e ,  0.0001 e c c e n t r i c i t y ,  and 
28.5 degrees (deg) i n c l i n a t i o n .  
GRO i s  equipped w i t h  two Nat ional  Aeronaut ics and Space Admin i s t ra t i on  
(NASA) standard onboard computers (OBCs) o f  which one i s  used as a 
backup. The OBC performs sensor data process ing and ac tua to r  command- 
i n g .  There a re  f i v e  OBC c o n t r o l  modes: Standby Mode (SM),  Normal 
P o i n t i n g  Mode (NPM), Normal Maneuver Mode (NMM), Thrus ter  Maneuver 
Mode (TMM), and V e l o c i t y  Contro l  Mode (VCM). The NPM i s  t he  gamma r a y  
i n e r t i a l  p o i n t i n g  mode. 
The spacecraf t  i s  designed t o  s tay  i n e r t i a l l y  
The nominal spacecra f t  or- 
GRO has an onboard a t t i t u d e  determinat ion accuracy requirement o f  
86 .4  arc  seconds per  a x i s  (arc-sec) ( 3  sigma) du r ing  the  normal sc i -  
ence observa t ion  mode. This accuracy i s  accomplished by the  use o f  
two fixed-head s t a r  t racke rs  (FHSTs) and an i n e r t i a l  re fe rence u n i t  
( I R U ) .  Both o f  these a t t i t u d e  sensors have been used on the  So la r  
Maximum Miss ion (SMM), Landsat-4, and Landsat-5 spacecraf t .  The a t t i -  
tude i s  propagated us ing  the  I R U  data and updated a f t e r  a FHST meas- 
urement by us ing  a Kalman f i l t e r .  
1.1 FHST DESCRIPTION 
The FHST i s  an a t t i t u d e  sensor t h a t  searches f o r ,  de tec ts ,  and t racks  
s ta rs ;  prov ides accurate p o s i t i o n  and i n t e n s i t y  i n fo rma t ion  on s t a r s  
i n  i t s  f i e l d  o f  view (FOV); and generates s ta tus  f l a g s  and parameters 
t h a t  cha rac te r i ze  the  sensor operat ion.  
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When l i g h t  f rom the  s t a r  enters  the  o p t i c a l  lens,  
s t a r  i s  focused on t h e  photocathode o f  an image d i ssec to r  tube ( I D T ) ,  
which magneti ca l  l y  d e f l  ects  and focuses the  e l  ectrons on to  an aper tu re  
i n  a p l a t e .  
p rov ide  i n t e n s i t y  and p o s i t i o n  in format ion.  The FHST func t i ons  i n  two 
opera t i ona l  modes: search and t r a c k  mode. 
I n  the  t o t a l  f i e l d  o f  view (TFOV), a search mode cons is ts  o f  a h o r i -  
t he  image o f  t he  
The corresponding s igna l  i s  a m p l i f i e d  and processed t o  
zon ta l  scan p a t t e r n  w i t h  appropr ia te  v e r t i c a l  s h i f t s  a t  t he  
t e r ) .  Four commandable thresholds s e t  t he  minimum s e n s i t i v  
a c q u i r i n g  a s t a r .  P o s i t i o n  and i n t e n s i t y  ou tpu t  du r ing  the  
mode do n o t  convey meaningful in fo rmat ion .  
When a s t a r  i s  acquired, the  de tec tor  t races  a small cross 
ends ( ras-  
t y  f o r  
search 
a t t e r n  i n  
the  form o f  a f i g u r e  8 centered on the s t a r  image. 
f l a g  i s  s e t  t o  i n d i c a t e  t h a t  s t a r  p o s i t i o n  and i n t e n s i t y  da ta  a re  
v a l i d  f o r  t he  t racked s t a r .  The t r a c k  p a t t e r n  remains locked on the  
s t a r  du r ing  a t t i t u d e  changes. If the  s t a r  leaves the  TFOV, i f  i t s  
i n t e n s i t y  f a l l s  below the  commanded threshold,  o r  i f  a break- t rack 
command I s  received,  search mode resumes. 
A s t a r  present  
With the  o p t i o n a l  o f f s e t  mode c a p a b i l i t y ,  a small o f f s e t  r a s t e r  scan 
can be commanded i n  a reduced f i e l d  o f  view (RFOV). I f  a s t a r  i s  ac- 
qu i red,  i t  w i l l  be t racked throughout the  TFOV. I f  the  s t a r  i s  l o s t ,  
a reduced scan w i l l  beg in a t  the  o r i g i n a l  p o s i t i o n  i n  t h e  RFOV. FHST 
parameters and values a re  l i s t e d  i n  Table 1.  
1 . 2  IRU Descr iDt ion  
The IRU i s  an a t t i t u d e  sensor c o n s i s t i n g  o f  a gyro package t h a t  meas- 
ures i n e r t i a l  v e h i c l e  ra tes  about the sensor ax i s .  
analog ra tes ,  accumulated angles, range s ta tus ,  and temperature. 
Output cons i s t s  o f  
The IRU conta ins  th ree  sp inn ing  wheels o r  r o t o r s .  
mounted on two gimbals t o  p rov ide  2 degrees of  freedom and, therefore,  
r a t e  in fo rmat ion  a long two body axes (two-channel ou tpu t ) .  The 
Each r o t o r  i s  
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Range o f  s t a r  v i s u a l  magnitude 
Number o f  t h r e s h o l d  s e t t i n g s  
Maximum t o 1  e r a b l  e veh i  c l  e r a t e  
Search mode: 
Scan t y p e  
Number o f  l i n e s  i n  TFOV 
Maximum a c q u i s i t i o n  t i m e  
T rack  mode: 
Scan t y p e  
Scan p e r i o d  
Ou tpu t  r a t e  
Accuracy 
Nominal d a t a  r e s o l u t i o n  
8 by  8 deg 
1.5 by  1.5 deg 
+5.7 t o  -7.0 
4 
0.3 deglsecond (sec)  
Ras te r  
70 
10 sec (TFOV), 1.5 sec (RFOV) 
U n i d i r e c t i o n a l  cross-scan 
100 m i l l i s e c o n d s  
lO/sec (each a x i s )  
lO/arc-sec ( 1  sigma) c a l i -  
b r a t e d  o v e r  8-deg d iamete r  
c i  r c u l  a r  FOV 
7 arc-sec 
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six-channel I R U  c o n f i g u r a t i o n  prov ides dual redundancy a long each body 
a x i s .  The IRU assembly i s  f i x e d  i n  the  spacecraf t  (strapdown). 
c u r r e n t  requ i red  t o  magnet ica l l y  torque a gimbal t o  ma in ta in  n u l l  de- 
f l e c t i o n  ( to rque rebalanc ing)  i s  p ropor t i ona l  t o  the  accumulated ro ta -  
t i o n  angle ( r a t e  i n t e g r a t i n g )  about the corresponding body ax i s .  
Torque c u r r e n t  i s  d i f f e renced  a f t e r  small i n t e r v a l s  o f  t i m e  t o  gener- 
a t e  analog ra tes .  The I R U  can operate i n  e i t h e r  h igh- ra te  o r  low-rate 
mode (range s ta tus ) .  I R U  parameters and values are  l i s t e d  i n  Table 2. 
The 
Table 2. I R U  Parameters and Values 
Parameter Value 
Seal e f a c t o r  s t a b i  1 i t y  - +0.01 percent/month (low r a t e )  
- +0.1 percent/month (h igh  r a t e )  
Accel e r a t i o n - i  nsensi t i v e  - +0.04 arc-sec/sec f o r  30 days o f  
d r i f t  r a t e  ( A I D R )  s ta r t - s top  opera t i on  ( low r a t e ) ,  
k0.003 arc-sec/sec f o r  6 hours o f  
continuous opera t ion  ( low r a t e ) ,  
- +0.001 deg/sec f o r  30 days (h igh  
r a t e )  
0.8 arc-sec/count (h igh  r a t e ) ,  
0.05 arc-sec/count ( low r a t e )  
- +2.0 deg/sec 
- +400 arc-s ec / s ec 
Nomi na l  da ta  reso l  u t i o n  
High-rate range 
Low-rate range 
1.3  KALMAN FILTER 
A Kalman f i l t e r  combines a l l  a v a i l a b l e  measurement data, p l u s  p r i o r  
knowledge about the  s y s t e m  and measuring devices, t o  produce an e s t i -  
mate o f  t h e  s t a t e  vec tor  such t h a t  the  e r r o r  i s  s t a t i s t i c a l l y  m in i -  
mized. The Kalman f i l t e r  o f  the  G R O  f l i g h t  sof tware uses the  e r r o r  
s t a t e  space fo rmula t ion  method i n  which the  s t a t e  vec to r  conta ins the  
e r r o r s  i n  the  spacecra f t  a t t i t u d e  and the  gyroscope b iases.  The s t a t e  
vec to r  i s  updated whenever the re  i s  a measurement by the  FHSTs o r  the  
f i n e  Sun sensor (FSS). 
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From the  dynamic modeling o f  t he  s t a t e  vec tor ,  t he  Kalman f i l t e r  com- 
putes a no ise  covar iance m a t r i x  and then propagates the  s t a t e  covar i -  
ance m a t r i x  f rom the  l a s t  f i l t e r  update. 
covar iance m a t r i x  requ i res  the  computation of t he  s t a t e  t r a n s i t i o n  
ma t r i x  f o r  the  dynamic equations. 
m a t r i x ,  t he  Kalman f i l t e r  uses the  measurement model and the  propagated 
covar iance m a t r i x  t o  compute the  Kalman ga in  ma t r i x .  From t h i s  ga in  
m a t r i x  and the  measurement res idua ls ,  the  Kalman f i l t e r  computes the  
updated s t a t e  vec to r  t o  c o r r e c t  the  a t t i t u d e  and gyro d r i f t  b iases. 
The l a s t  process ing i n  the  Kalman f i l t e r  i s  t o  update the  covar iance 
ma t r i x  t o  r e f l e c t  t he  e f f e c t s  o f  sensor measurement processing. 
Propagat ion o f  t h i s  
A f t e r  propagat ion o f  the  covar iance 
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2. GRO SOFTWARE SIMULATOR 
The pr imary  t o o l  used i n  t h i s  ana lys i s  was the GRO Software S imula tor  
(GROSS) developed i n  the  F l i g h t  Dynamics D i v i s i o n .  GROSS i s  a closed- 
loop GRO A t t i t u d e  Cont ro l  S y s t e m  (ACS) s imu la to r ,  which f o r  t h i s  anal-  
ysis cons is ted  o f  two major func t ions :  the  Tru th  Model (TM) and the  
f u n c t i o n a l  OBC. 
The TM models spacecra f t  dynamics, environmental torques, and hardware. 
The environmental models take i n t o  account f o u r  torques t h a t  a c t  t o  
p e r t u r b  the  dynamics. These are  the s o l a r  r a d i a t i o n ,  res idua l  mag- 
n e t i  c d i  po l  e, aerodynamic, and g r a v i t y  gradi  en t  torques. The hardware 
model r e f l e c t s  a d e t a i l e d  func t i ona l  d e s c r i p t i o n  o f  the  ac tua tors ,  
sensors, and moving pa r t s .  These models i nc lude  no t  o n l y  nominal per- 
formance, b u t  a l s o  biases, noises,  misalignments, and f a i l u r e s .  The 
ac tua tors  modeled i nc lude  f o u r  reac t i on  wheels, e i g h t  a t t i t u d e  con t ro l  
t h r u s t e r s  (ACTS) ,  f o u r  o r b i t  ad jus t  t h r u s t e r s  (OATS) ,  and two magnetic 
to rquer  assemblies (MTAs).  The sensors modeled i nc lude  two (FSSs) ,  
four  coarse Sun sensors ( C S S s ) ,  f o u r  r e a c t i o n  wheel tachometers, two 
FHSTs, an I R U  c o n s i s t i n g  o f  t h ree  gyros and dual-output c a p a b i l i t i e s  
per  ax i s ,  and two three-ax is  magnetometers (TAMS). The moving p a r t s  
a r e  the  High-Gain Antenna (HGA) and s o l a r  ar rays,  which respond t o  
ground p o i n t i n g  commands. The movement o f  these c rea te  a momentum 
component t o  be used i n  the  dynamics. The dynamics modeling uses a 
four th-order ,  var iab le -s tep ,  Adams-Moulton-Bashforth (AMB) numerical 
i n t e g r a t o r .  
The f u n c t i o n a l  OBC i s  GROSS'S FORTRAN representa t ion  o f  GRO's  onboard 
f l i g h t  software. The OBC processes sensor data from the  TM, determines 
the  spacecra f t  a t t i t u d e ,  and generates the  appropr ia te  c o n t r o l  commands 
based on the  c o n t r o l  laws f o r  the  cu r ren t  mode. The f u n c t i o n a l  OBC 
and the  GRO a t t i t u d e  f l i g h t  sof tware w e r e  coded from the  same sof tware 
spec i f i ca t i ons .  I n  an at tempt t o  model the  spacecraf t  f l i g h t  software 
as c l o s e l y  as poss ib le ,  the  func t i ona l  OBC executes the  same a lgor i thms 
i n c l u d i n g  the  same approximations f o r  t r i gonomet r i c  func t ions .  The 
A t t i t u d e  Es t imat ion  f u n c t i o n  i n  the  GROSS OBC i s  shown i n  F igure  1.  
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2.1 GROSS MODELING OF FHST 
The FHST model generates the  s t a r  camera data.  
manded by the  OBC t o  search an RFOV f o r  a guide s t a r .  
acqui red by the  FHST, and i t  m e e t s  the  prescr ibed r e s t r a i n t s ,  the  s t a r  
i s  t racked.  Output f rom a s t a r  t r a c k e r  cons is ts  o f  a (u, VI coord i -  
nate measured i n  the  camera's foca l  plane, a long w i t h  the  s t a r ' s  i n -  
t e n s i t y .  The camera w i l l  cont inue t o  t r a c k  the  s t a r  u n t i l  a 
break- t rack command i s  received from the  OBC o r  f rom the  ground, or 
u n t i l  t he  s t a r  proceeds t o  e x i t  the  TFOV. 
The camera i s  com- 
Once a s t a r  i s  
GROSS s imulates the  search mode by o rde r ing  the  s t a r s  found i n  the  
RFOVs assoc iated w i t h  the  cu r ren t  p o i n t i n g  i n  the  same fash ion  as 
would be encountered i n  a normal search mode. When a s t a r  i s  de ter -  
mined t o  be the  guide s t a r  f o r  t h a t  RFOV by the  OBC, t he  FHST w i l l  
h o l d  on t h a t  s t a r  and do a l l  t h e  processing i n  the  model w i t h  t h i s  
s t a r ' s  p o s i t i o n  and i n t e n s i t y  data.  The FHST model w i l l  a l s o  de ter -  
mine i f  the  l i n e  o f  s i g h t  (LOS) i s  occu l ted  by the  Earth,  Sun, or  Moon 
and w i l l  take the  appropr ia ted  a c t i o n  by c l o s i n g  the  s h u t t e r  and issu-  
i n g  the  appropr ia te  s ta tus  f l a g  t o  the  OBC, i n d i c a t i n g  t h a t  i t  i s  cur-  
r e n t l y  i n h i b i t e d .  A f t e r  t he  t r u e  data a re  generated, t he  FHST model 
w i l l  employ a d e c a l i b r a t i o n  scheme t o  c o r r u p t  the  values sent  t o  the  
OBC. 
I n  the  OBC, t he  FHST process ing r o u t i n e  uses a c a l i b r a t i o n  scheme t o  
c o r r e c t  f o r  temperature, f l a t  f i e l d ,  magnetic f i e l d s ,  and s t a r  i n ten -  
s i  t y  v a r i a t i o n s .  
GROSS prov ides the  c a p a b i l i t i e s  t o  operate the  FHSTs i n  o t h e r  than a 
nominal cond i t i on .  The f o l l o w i n g  user-changeable parameters a re  asso- 
c i a t e d  w i t h  the  s t a r  t rackers :  
0 Misal ignment o f  cameras 
0 Noises per  camera per  a x i s  
0 Biases per  camera per  a x i s  
0 F a i l u r e s  o f  i n d i v i d u a l  cameras 
0 Guide s t a r s  per  RFOV 
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A d d i t i o n a l  s t a r s  per  RFOV 
Number o f  RFOV per  TFOV 
Number o f  scan l i n e s  per  TFOV 
Methods f o r  determin ing guide s ta rs  
S ize  o f  TFOV per  camera 
S ize  of RFOV per  camera 
S t a r  magnitude acceptabi 1 i t y  range 
Responds t o  normal ground commands 
2.2 GROSS MODELING OF I R U  
The I R U  cons is t s  o f  th ree  r a t e - i n t e g r a t i n g  gyros and has s i x  channels 
t o  measure angular  displacement along the  th ree  spacecraf t  body axes. 
For each ax i s ,  one channel i s  pr imary and one i s  backup. For each 
channel, gyro da ta  generat ion invo lves  the  f o l l o w i n g  two steps: ( 1 )  
c a l c u l a t i n g  angular  displacement and (2 )  modeling gyro no ise  t o  add 
on to  the  angular  displacement. Angular displacement i s  c a l c u l a t e d  as 
f o l  1 ows : 
1. I n p u t  angular  spacecraf t  v e l o c i t y  vec tor ,  w. 
2. P r o j e c t  w a long channel i n p u t  ax i s ,  G, t o  ge t  r a t e ,  r ,  meas- 
ured by t h a t  channel ( r  = G * w) i n  rad ians ( rad) /sec .  
3 .  Ca lcu la te  angular displacement by i n t e g r a t i n g  r a t e .  
Gyro no ise  i n  GRO comes from two sources: 
1 .  Noise on angular r a t e .  
zero mean, and whi te .  
This no ise  i s  modeled as Gaussian, 
2 .  N o i s e  on t h e  r a t e  o f  change o f  the  gyro b ias .  
modeled as Gaussian, zero mean, and whi te .  
Th is  i s  no ise  
These noises a r e  then added t o  the  ca l cu la ted  gyro measurement and 
sent  t o  the  OBC as gyro data.  
User-changeable parameters associated w i t h  the I R U  a re  as fo l l ows :  
0 Misal ignment o f  I R U  
0 Gyro r a t e  b ias  
0 Gyro d r i f t  
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0 Gyro d r i f t  r a t e  
0 Gyro and gyro channel f a i l u r e s  
2.3 KALMAN FILTER 
The Kalman f i l t e r  i s  implemented i n  two steps. 
o f  t he  i n t e r n a l  s t a t i s t i c s  based on the Dynamics Model and second, 
updat ing the  s t a t e  vec to r  based on the Observat ion Model and the  i n -  
t e r n a l  s t a t i  s t i  c s .  
F i r s t ,  the  propagat ion 
2.3.1 DYNAMICS MODEL 
The Dynamics Model f o r  the  GRO f l i g h t  sof tware Kalman f i l t e r  i s  found 
i n  References 1 and 2. 
t he  f o l l o w i n g  form: 
The gyro r a t e  measurement i s  assumed t o  have 
( 1  1 6 = w - bo - b + nV 
where 6 = gyro r a t e  measurement 
w = t r u e  spacecra f t  r a t e  
b = gyro  d r i f t  b ias  
bo = gyro  b i a s  
= f l o a t  torque no ise  (Gaussian wh i te  no ise)  
Q,, = f l o a t  torque d e r i v a t i v e  noise (Gaussian wh i te  
Q V  
no i  se)  
Since b i s  t he  i n t e g r a l  o f  a wh i te  noise,  i t  becomes a random walk. 
The a t t i t u d e  r a t e  e r r o r  \t i s  formed i n  the  f o l l o w i n g  manner: 
\t = -bo - b + qV (2 )  
The gyro b i a s  bo i s  assumed t o  be known and can be der ived  from Equation (2 )  
The Dynamics Model i s  then reduced t o  the  f o l l o w i n g  form: 
+ Qv \t = -b 
b = Qu ( 3 )  
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If these two equat ions a re  p u t  i n t o  a l i n e a r  s t a t e  space fo rmula t ion ,  
Equation (4a1, Equat ion (4b)  i s  der ived:  
ict, = t] = O3X3 -I 3x3 
O3X3 O3X3 
where 9 = a t t i t u d e  e r r o r  
b = gyro . d r i f t  b ias  
= f l o a t  torque no ise  (Gaussian) 
= f l o a t  torque d e r i v a t i v e  noise (Gaussian) 
ri V 
r7U 
O3X3 1 O3X3 u I ~ ~ ~  b ( t - t ' )  
(4b) 
( 5 )  
where Q(t) i s  t h e  spec t ra l  dens i t y  ma t r i x .  
From Equation (4b)  the state transition matrix ak = @(tk,tk-,) 
i s  obtained, which a l lows one t o  so lve f o r  t he  dynamic no ise  covar iance 
ma t r i x ,  Qk. 
where Pk(-) = propagated covar iance ma t r i x  a t  t i m e  k 
(+) = updated covar iance ma t r i x  a t  t i m e  k-1 'k-1 
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2.3.2 OBSERVATION MODEL 
I n  t h e  GRO f l i g h t  sof tware,  t h e  FHST measurements a r e  used t o  c r e a t e  
an observed s t a r  u n i t  v e c t o r ,  OS, i n  t h e  sensor c o o r d i n a t e  frame. The 
i d e n t i f i e d  s t a r  p o s i t i o n  i n  t h e  s t a r  c a t a l o g  i s  used t o  c r e a t e  an ex- 
pec ted  or computed u n i t  s t a r  v e c t o r ,  CS, i n  t h e  sensor c o o r d i n a t e  
frame. Then, 
Z ( i )  = O S ( i )  - C S ( i >  f o r  i = 1 t o  2 
where i = i t h  c o o r d i n a t e  o f  t h e  v e c t o r s  
Z = measurement r e s i d u a l s  
From t h i s  d e f i n i t i o n  o f  Z,  H i s  shown t o  be (Reference 3)  
where Sk = observed s t a r  i n  s p a c e c r a f t  body frame 
X = X c o o r d i n a t e  o f  FHST i n  t h e  s p a c e c r a f t  body frame 
Y = Y c o o r d i n a t e  o f  FHST i n  t h e  spacec ra f t  body frame 
I n  t h e  Observa t i on  Model 
where Zk = o b s e r v a t i o n  
vk = sensor n o i s e  (Gaussian) 
F o r  sensor n o i s e  c h a r a c t e r i  s t i  cs, 
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I t  i s  f u r t h e r  assumed t h a t  the  i n i t i a l  s t a t e  vec to r  Xo i s  Gaussian 
and Xo, W ,  and vk are  independent o f  each o ther .  
assumed t o  be Gaussian, which i s  equ iva len t  t o  assuming they a re  un- 
co r re  1 a t  ed . 
They a l l  a re  
2.3.2 UPDATE ALGORITHMS 
The s t a t e  vec to r  i s  updated by processing the  f o l l o w i n g  equat ion w i t h  
the  i npu ts  Pk(-) (Equat ion (711, H (Equation (811, Rk (Equat ion (1111, 
and t h e  observa t ion  vec to r  zk (Equation (9)). 
wher'e Kk i s  t he  Kalman ga in  ma t r i x .  
where Pk(+) i s  t he  updated covar iance ma t r i x .  
where i s  the  updated s t a t e  vec tor .  
The GRO f l i g h t  software employs a sca le r  implementat ion method t h a t  
requ i res  the  sequence o f  Equations (121, (131, and (14) t o  be executed 
tw ice .  I n  the  f i r s t  pass 
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The r e s u l t i n g  Kalman ga in  ma t r i x  K 
covar iance ma t r i x  (Equat ion (13)) where P 
s t a t e  (Equat ion (14 ) )  where xk (-> = 0. 
= Kk i s  used t o  update the  
= Pk and update the  
k, 1 
k, 1 
The equations are  as fo l l ows :  
‘k,l(+) = Kk,l ‘1 (18)  
I n  the  second pass, there  a re  the f o l l o w i n g  s u b s t i t u t i o n s :  
“k = Hk,2 OI 
Kk = Kk,Z 
where X 
The f i n a l  Kalman ga in  m a t r i x  K = Kk,2 i s  used t o  update the  covar iance 
m a t r i x  Pk(+) = Pk,2 ( + I  and t o  update the  s t a t e  X(+) = Xk,2(+). 
equat ions a re  as fo l lows:  
( + I  i s  t he  s t a t e  vec tor  update from the  f i r s t  pass. k, 1 
The 
1 T Kk,2 = ‘k,l(+) H:y2/1k.2 ‘k,l(+) Hk,2 + Rk,2 (20) 
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3 .  CASE STUDY OBJECTIVES AND I D E N T I F I C A T I O N  
There a re  th ree  pr imary  ob jec t i ves  i n  the  case s tud ies .  F i r s t ,  the  
shor t - term s tab i  1 i t y  and covar iance o f  the  Kalman f i  1 t e r  a re  s tud ied  
for a nominal base l ine  case. Second, the covar iance and shor t - term 
s t a b i l i t y  o f  f o u r  cases i n v o l v i n g  sensor no ise and misalignments a re  
s tud ied  and compared w i t h  the  base l ine .  L a s t l y ,  the  short- term sta-  
b i l i t y  and covar iance are  s tud ied  f o r  two anomalous cases. 
The cases s tud ied  are  as fo l l ows :  
0 Case 1: Basel ine S imula t ion  
0 Case 2: Noise and Misalignment 
- 2A: Normal run  w i t h  excessive gyro noise 
- 28: Normal run  w i t h  gyro u n i t  misalignment 
- 2C: Normal run w i t h  excessive  FHST n o i s e  
- 2D: Normal run  w i t h  FHST misalignment 
0 Case 3: Anomalous Simulat ions 
- 3A: One FHST w i t h  one and two guide s t a r s  
- 38: Convergence us ing  one and two FHSTs 
3 04 
4.  CASE STUDY RESULTS 
The r e s u l t s  descr ibed f o r  each case were a t t a i n e d  us ing  two pr imary  
forms o f  data:  s t a t i s t i c a l  and Kalman e r r o r .  A runn ing  mean and var- 
iance o f  the  r e s i d u a l s  from the  OBC as w e l l  as o the r  Kalman f i l t e r  
i n fo rma t ion  w e r e  ou tpu t  t o  an ana lys is  f i l e  t h a t  was read by a post -  
processor t h a t  produced p l o t s  and t a b u l a r  data used f o r  s t a t i s t i c a l  
ana lys i s .  The Kalman e r r o r  i s  the  e r r o r  quatern ion t h a t  represents  
the  d i f f e r e n c e  between the  Tru th  Model s t a t e  quatern ion and the  OBC 
s t a t e  quatern ion.  
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4.1 CASE 1:  BASELINE SIMULATION 
The nominal base1 i ne case represents the  expected on-orbi t cond i t i ons  
f o r  t he  spacecraf t .  
values rece ived from the  manufacturers. The s t a b i l i t y  and s t a t i s t i c s  
f o r  the  Kalman f i l t e r  a re  based on a s imu la t i on  o f  90 minutes. The 
nominal noises f o r  t he  sensor data a re  as fo l l ows :  
Noises for t h i s  t e s t  case are  based on l a t e s t  
0.20 x rad ians ( rad) /sec 312 
0.21 x lo-' rad lsec  512 
0 I R U  f l o a t  torque 
I R U  f l o a t  torque d e r i v a t i v e  
0 FHST measurement no ise 0.49 x rad  (10 arc-sec) 
The Kalman e r r o r  f o r  t h i s  case i s  seen i n  F igure  2. The maximum e r r o r  
i s  i n  t he  r o l l  ax is ,  ( R ) ,  where a b ias  o f  approximately 20 arc-sec can 
be observed. Both the  p i t c h  a x i s  ( P I  and yaw a x i s  (Y) show d i f f e rences  
o f  l e s s  than 10 arc-sec. A l l  t h r e e  are w e l l  w i t h i n  the  s p e c i f i e d  a t -  
t i  tude de terminat ion  requirement o f  86 arc-sec (3 sigma). 
S t a t i s t i c s  f o r  t he  base l ine  case measurement res idua ls  a re  as fo l l ows :  
Mean X 
(a rc  s e c )  
Mean Y 
(a rc  sec) 
1.8 7.8 
Mean X Mean Y 
( rad)  ( rad)  Var X Var Y 
0.86 x 10-5 -0.38 x 10-4 0.23 x 10-8 0.23 x 10-8 
The expected values f o r  the  res idua ls  a re  zero. The base l ine  case 
shows the  expected values o f  the  measurements t o  be l e s s  than 10 arc- 
sec, which i s  t he  "zero reference"  used f o r  comparisons w i t h  o t h e r  
case s tud ies .  
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4.2 CASE 2 :  NOISE AND MISALIGNMENT 
4.2.1 CASE 2A: EXCESSIVE GYRO NOISE 
The o b j e c t i v e  o f  t h i s  case i s  t o  i d e n t i f y  unmodeled dynamic e r r o r s .  
S imulat ions w e r e  ran  w i t h  the  gyro noise o f  5, 10, 20, and 50 t i m e s  
g rea te r  than the  s t a t i s t i c s  modeled i n  the  f l i g h t  sof tware Kalman fil- 
t e r .  
(Equat ion (4 ) )  causes the  f i l t e r  t o  p lace  too  much weight on the  Dy- 
namics Model and even tua l l y  r e s u l t s  i n  a divergence. 
The Kalman e r r o r s  shown i n  F igure  3 represent  the worst  case scenar io  
(1.e.. 50 t i m e s  the  nominal) .  I t  revea ls  no evidence o f  i n s t a b i l i t y  
w i t h  the  f i l t e r  over  the  90-minute s imu la t ion .  However, t he  i n i t i a l  
The excessive f l o a t  torque and f l o a t  torque d e r i v a t i v e  no ise  
values of  t he  Kalman e r r o r  a re  l a r g e r  than the  base l ine  case b u t  a re  
q u i c k l y  damped t o  w i t h i n  accepted values. 
Kalman f i l t e r  i s  accu ra te l y  account ing f o r  the  noise.  
ana lys i s  (see Table 31, however, shows the  divergence o f  t h e  da ta  w i t h  
i nc reas ing  noise.  The mean o f  the  X and Y res idua ls  a re  approx imate ly  
the  same as the  reference expected value i n  the  base l ine  case. 
var iances though show an increased amount o f  excurs ion from the  mean 
as the  no ise  increases. 
This suggests t h a t  the  
The res idua l  
The 
Table 3. Excessive Gyro Noise f o r  Case 2A 
Noi se Mean X Mean Y 
( X  nominal1 ( rad)  ( rad)  Var X Var Y 
1 0.86 x -0.38 x 0.23 x 0.23 x 
5 0.61 x lom5 -0.41 x 0.37 x lom8 0.30 x 
10 0.82 x -0.43 x 0.56 x 0.43 x 
20 0.51 x -0.40 x 0.16 x 0.82 x 
50 0.12 -0.38 0.95 0.39 
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4 . 2 . 2  CASE 28: MISALIGNMENT OF GYROS 
I n  t h i s  case, t he  gyro assembly was misa l igned 5 and 10 arc-sec. 
Table 4 l i s t s  t he  r e s i d u a l  s t a t i s t i c a l  r e s u l t s  o f  t h i s  s imu la t ion ,  and 
the  Kalman e r r o r s  a re  p l o t t e d  on F igure 4. S t a t i s t i c a l l y ,  t he re  i s  no 
observable d i f ference.  
b ias  on the  s y s t e m  t h a t  i s  t oo  small t o  a f f e c t  the  system. 
This  i s  because the misalignment ac ts  as a 
Table 4. Residual S t a t i s t i c a l  Resul ts  f o r  Case 28 
M i  sa l  i gnment Mean X Mean Y 
(a rc  s e c )  ( rad)  ( rad)  Var X Var Y 
5 0.68 x -0.41 x 0.22 x 0.27 x 
10 0.65 x -0.41 x 10- 0.22 x lo-*  0.27 x 
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4.2.3 CASE 2C: OBSERVATION NOISE 
I n  t h i s  case, o b s e r v a t i o n  n o i s e  was added t o  one FHST and t o  b o t h  
FHSTs. Tables 5 and 6 l i s t  t h e  t a b u l a r  s t a t i s t i c a l  o u t p u t  f o r  one 
FHST and two FSHTs, r e s p e c t i v e l y .  F igu res  5 and 6 p l o t  t h e  Kalman 
e r r o r s  f o r  one FHST and two FHSTs, r e s p e c t i v e l y .  I t  can be seen f rom 
F i g u r e s  5 and 6 t h a t  t h e  r o l l  and p i t c h  a x i s  a r e  b i a s e d  when compared 
w i t h  t h e  b a s e l i n e  s i m u l a t i o n .  
c o r r u p t e d  and t h e  Kalman f i l t e r  cannot e x t r a c t  t h e  n o i s e  t o  produce a 
b e t t e r  measurement, t h e  s t a t i s t i c a l  d a t a  r e f l e c t  t h e  b i a s  and d i v e r -  
gence w i  t h  i n c r e a s i  ng n o i  se. 
S ince t h e  measurement d a t a  i s  b e i n g  
Tab le  5. Observa t i on  Noise Wi th One FHST 
Noi se Mean X Mean Y 
( X  nominal )  ( r a d )  ( r a d )  Var X Var Y 
5 0.76 -0.73 0.13 0.17 
10 0.11 x -0.19 0.51 IO-’ 0.96 
Tab le  6. Observa t i on  Noise Wi th Two FHSTs 
Noise Mean X Mean Y 
( X  nominal)  ( r a d )  ( rad )  Var X Var Y 
10 0.57 x -0.39 x l oe3  0.11 x 0.23 x 
5 0.27 -0.21 0.28 0.66 
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4 .2 .4  CASE 2D: MISALIGNMENT OF FHST 
This  case s imulated m isa l i gn ing  one FHST and both FHSTs. 
d i d  n o t  show up i n  the  res idua l  s t a t i s t i c s  (Table 71, b u t  they d i d  
appear i n  the  Kalman f i l t e r  e r r o r s  (F igure  7). 
The e f f e c t s  
Since the  measurements w e r e  o n l y  biased, and misalignment i s  equ iva len t  
t o  b i a s i n g  the  measurement data,  i t  i s  expected t h a t  the  s y s t e m  would 
converge on the  observed data w i t h  the  same s t a t i s t i c s  as f o r  the  base- 
l i n e .  Also, w i t h  a b ias  i n  measurement data,  i t  i s  expected t h a t  t he  
Kalman e r r o r  would converge t o  the  biased value. 
can be seen t h a t  the  ro l l -and-p i tch-axes data converge t o  a biased 
p o i n t ,  whereas the  yaw a x i s  i s  equ iva len t  t o  the  base l ine  s imu la t i on .  
The r o l l  a x i s  and yaw axes data a re  0.18 x 
rad, r e s p e c t i v e l y .  A misalignment o f  30 arc-sec i n  the  FHST p i t c h  
a x i s  i s  equ iva len t  t o  0.14 x rad. Thus, t he  misal ignment can 
be seen as a b ias  i n  the  r o l l  and p i t c h  axes. 
From Figure 7 ,  i t  
and 0.20 x 
Table 7.  Misalignment o f  FHST f o r  Case 2D 
M i  sa l  i gnment Mean X Mean Y 
(a rc  sec) ( rad)  ( rad)  Var X Var Y 
One FHST 
30 0.67 x 10-5 -0.43 x 10-4 0.17 x 10-8 0.23 x 10-8 
Two FHSTs 
30 0.4 x 10-5 -0.37 x 10-4 0.16 x 10-8 0.23 x 10-8 
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4.3 CASE 3: ANOMALOUS SIMULATIONS 
I 4.3.1 CASE 3A: ONE FHST WITH ONE AND TWO GUIDE STARS 
I n  t h i s  case, two subcases w e r e  s tud ied:  
and one FHST w i t h  two guide s ta rs .  
requirements w i t h  one FHST and one guide s t a r .  
c r a f t  d i d  ma in ta in  requirements f o r  one FHST and two guide s t a r s .  
Table 8 g ives  the  res idua l  s t a t i s t i c s  f o r  both subcases, and F igures 8 
and 9 g i v e  the  Kalman f i l t e r  a t t i t u d e  e r r o r s  w i t h  one and two guide 
s t a r s ,  respec t i ve l y .  
one FHST w i t h  one guide s t a r  
The spacecraf t  d i d  n o t  ma in ta in  
However, t he  space- 
Table 8. Residual S t a t i s t i c s  f o r  Case 3 A  
Mean X Mean Y 
Subcase ( rad)  ( rad)  Var X Var Y 
One Guide S ta r  0.12 x -0.51 x 0.16 x 0.11 x lo-*  
Two Guide Stars  0.21 x -0.91 x 0.18 x 0.12 x 
I n  the  one-guide-star s imu la t ion ,  a l a r g e  r o l l  and p i t c h  e r r o r  d i v e r -  
gence can be seen, whereas there  i s  n o t  a l a r g e  yaw e r r o r  divergence. 
An exp lanat ion  can be found i n  l ook ing  a t  t he  LOS of t he  s t a r  be ing 
observed. No e r r o r  w i l l  be detected i f  the  spacecraf t  w e r e  t o  sp in  
about t h i s  ax i s .  Components o f  t h i s  r e v o l u t i o n  are i n  the  r o l l  and 
p i t c h  axes o f  t he  spacecraf t .  However, a small movement i n  the  yaw 
ax1 s can be detected immediately. 
I n  the  two-guide-star s imu la t ion ,  the  s ta rs  have an angular  separa t ion  
of  4.4 deg. 
analogy i s  v a l i d .  However, s ince a break- t rack command i s  be ing sent 
every few minutes, t he  measurement da ta  be ing used are  a l t e r n a t e d  be- 
tween the  two s t a r s .  Thus, two observat ion vec tors  a re  ava i l ab le .  
This sys tem i s  s i m i l a r  t o  the  two-FHST con f igu ra t i on .  
l a r  separat ion between the  s t a r  LOSS, as compared w i t h  the  angular 
separa t ion  of t he  two FHSTs, requ i res  a l a r g e r  r o t a t i o n  angle t o  r e -  
g i  s t e r  a measurement e r ro r  than does the two-FHST sys tem.  
If each s t a r  LOS i s  looked a t  separate ly ,  the  preceding 
I 
The small angu- 
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4.3.2 CASE 38: CONVERGENCE 
This  case t e s t s  t he  c a p a b i l i t y  of recover ing  f rom a l a r g e  e r r o r  and 
converge w i t h i n  a requ i red  accuracy, p r o v i d i n g  the  guide s t a r  i s  s t i l l  
w i t h i n  the  TFOV. 
i n  the  spacecraf t  body p i t c h  ax i s .  I n i t i a l l y ,  the  spacecraf t  was a t  a 
-90-deg p i t c h .  Two subcases are  s imulated f o r  comparison. The f i r s t  
uses the  normal c o n f i g u r a t i o n  o f  two FHSTs, w i t h  one guide s t a r  per  
RFOV. The second invo lves  one FHST and two guide s ta rs .  The conver- 
gence requirement f o r  both cases i s  a Kalman e r r o r  o f  5 60 arc-sec 
(3  sigma). F igures 10 and 1 1  show the  r e s u l t s  o f  these two simula- 
t i o n s  f o r  one guide s t a r  and two guide s ta rs ,  respec t i ve l y .  With the  
nominal con f i gu ra t i on ,  the  2.0-deg e r r o r  was removed i n  approx imate ly  
22 minutes. 
converge. The longer  convergence t i m e  f o r  the  s i n g l e  FHST case was 
expected because o f  the  small angular separat ion between s t a r  LOSS. 
The case i n i t i a l i z e s  the  p o i n t i n g  e r r o r  t o  2.0 deg 
The s i n g l e  FHST case took approximately 39 minutes t o  
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5. CONCLUSIONS 
F ive  pr imary  conclus ions are  der ived from t h i s  study. 
base1 i n e  s imu la t i on  t h a t  contained expected on-orbi t cond i t i ons  per-  
formed w i  t h i n  spacecra f t  speci f i  ca t ions .  Second, excessive dynami cs 
no ise  (gyros)  i s  p icked up by the measurement res idua l  s t a t i s t i c s  bu t  
n o t  by the  Kalman e r r o r s .  Th i rd ,  i nc reas ing  observat ion no ise  i s  
p icked up by the  measurement res idua l  s t a t i s t i c s  and the  Kalman e r r o r s  
a re  biased. These two r e s u l t s  i n d i c a t e  t h a t  sensor f a i l u r e s  can be 
p icked up i n  the  measurement res idua l  s t a t i s t i c s  long be fore  they  show 
up i n  the  Kalman e r r o r s .  Fourth,  misalignments f o r  the  gyros and 
FHSTs are  p icked up o n l y  i n  the  Kalman e r r o r s .  
has been proven f o r  the  anomalous case o f  one FHST w i t h  two guide 
s ta rs .  The convergence requ i red  longer  than the  nominal two FHST w i t h  
one guide s t a r  each s imu la t i on  due t o  the small angles between obser- 
v a t i o n  vec tors  i n  one FHST. 
F i r s t ,  t he  
L a s t l y ,  convergence 
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Figure 2 .  Base1 i ne Nomi nal Performance 
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Figure 3 .  Modeling Noise on I R U  
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Figure 4. Misalignment o f  IRU 
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Figure 5 .  Observation Noise, One FHST 
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Flgure 6. Observat ion Noise,  Both FHSTs 
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F i g u r e  7 .  M I  sal i gnment, Both FHSTs 
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Figure 9 .  Kalman F i l t er  Attitude Errors, One FHST and Two Guide Stars 
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F i g u r e  10. Both FHSTs, One Guide S t a r  p e r  FHST, and 2-deg E r r o r  i n  
P i t c h  A x i s  
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1 1 .  One FHST, Two Guide Stars,  and 2-deg Error i n  P i t c h  A x i s  
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